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Abstract
Phytoremediation of polluted sites can be improved by co-inoculation with mycorrhizal and endophytic fungi. In this study, the
effects of single- and co-inoculation of Lactuca serriolawith an arbuscular mycorrhizal (AM) fungus, Rhizoglomus intraradices,
and endophytic fungi,Mucor sp. or Trichoderma asperellum, on plant growth, vitality, toxic metal accumulation, sesquiterpene
lactone production and flavonoid concentration in the presence of toxic metals were evaluated. Inoculation with the AM fungus
increased biomass yield of the plants grown on non-polluted and polluted substrate. Co-inoculation with the AM fungus and
Mucor sp. resulted in increased biomass yield of plants cultivated on the polluted substrate, whereas co-inoculation with
T. asperellum and the AM fungus increased plant biomass on the non-polluted substrate. In the presence of Mucor sp., mycor-
rhizal colonization and arbuscule richness were increased in the non-polluted substrate. Co-inoculation with the AM fungus and
Mucor sp. increased Zn concentration in leaves and roots. The concentration of sesquiterpene lactones in plant leaves was
decreased by AM fungus inoculation in both substrates. Despite enhanced host plant costs caused by maintaining symbiosis
with numerous microorganisms, interaction of wild lettuce with both mycorrhizal and endophytic fungi was more beneficial than
that with a single fungus. The study shows the potential of double inoculation in unfavourable environments, including agricul-
tural areas and toxic metal-polluted areas.
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Introduction
In nature, vegetation is almost always accompanied by fungi
and bacteria which often are invisible to observers but can
significantly influence plant biology. In degraded environ-
ments, the diversity of the plant and soil microbiome usually
is severely limited; thus, restoration attempts require utiliza-
tion of carefully selected microorganisms. The majority of the
studies concerning the role of fungi in conferring plant toxic
metal (TM) stress tolerance were conducted with arbuscular
mycorrhizal fungi (AMF). This group of microorganisms can
improve plant growth and adaptation to unfavourable habitats
such as industrial wastes, areas surrounding them or those
under continuous influence of anthropogenic pressure
(Orłowska et al. 2005; Turnau et al. 2010). Their importance
in non-polluted environments is just as significant (Jeffries
et al. 2003). Although laboratory experiments often confirm
the effect of these fungi on plant growth, the results of field
studies are not always unequivocal.
Co-inoculation studies, where plants are inoculated by
more than one type of microorganism, are a rarity.
Investigations including the role of the abiotic environment
in such cases are even less common. Descriptions of multi-
organismal associations almost exclusively concern co-
inoculation with Rhizobium and plant growth promoting bac-
teria (PGPB) (Remans et al. 2008; Ahmad et al. 2011),
Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00572-018-0819-y) contains supplementary
material, which is available to authorized users.
* Rafał Ważny
rafal.wazny@uj.edu.pl
1 Małopolska Centre of Biotechnology, Jagiellonian University,
Gronostajowa 7a, 30-387 Kraków, Poland
2 Institute of Environmental Sciences, Jagiellonian University,
Gronostajowa 7, 30-387 Kraków, Poland
3 Department of Phytochemistry, Institute of Pharmacology, Polish
Academy of Sciences, Smętna 12, 31-343 Kraków, Poland
Mycorrhiza (2018) 28:235–246
https://doi.org/10.1007/s00572-018-0819-y
ectomycorrhizal fungal species and mycorrhizal helper bacte-
ria (MHB) (Frey-Klett et al. 2007) or AMF and bacteria (Liu
et al. 2012; Bona et al. 2016). The effect of co-inoculation
usually is beneficial for plant growth (Remans et al. 2008;
Liu et al. 2012), but Flor-Peregrín et al. (2014), while investi-
gating co-inoculation with AMF and endophytic bacteria,
found that co-inoculation had a negative effect on plants com-
pared to single inoculation with AMF or endophytes. Thus, in
order to gain a comprehensive understanding of the role of
symbiotic microorganisms in plant biology, studies that in-
clude different types of microorganisms inhabiting the plant
host in multi-microbe setups are necessary. The lack of such
studies makes it difficult to understand the complexity of the
symbiosis between plants and fungi (Omacini et al. 2006).
The use of mycorrhizal fungi and rhizospheric bacteria in
phytoremediation has been reported previously as reviewed
by Rozpądek et al. (2017) and Martin et al. (2017).
Recently, the fitness of Verbascum lychnitis grown in Zn-Pb
industrial substrate was shown to be improved by co-
inoculation with an arbuscular mycorrhizal (AM) fungus and
fungal endophytes (Wężowicz et al. 2017). Endophytes,
which colonize plant tissues without causing any negative
effects (Hirsch and Braun 1992; Rodriguez et al. 2009), can
increase root and shoot biomass (Varma et al. 1999; Omacini
et al. 2006; Soleimani et al. 2010) and can protect plants
against pathogens and unfavourable environmental conditions
such as high temperatures and salinity (Redman et al. 2002;
Rodriguez et al. 2008).
Lactuca serriola L. (wild lettuce) is a common weed, con-
sidered a pioneer of open habitats (Lebeda et al. 2004) because
of its high tolerance of poor water and nutrient availability
(Gallardo et al. 1996). A unique feature of this species is its
ability to orient its leaves in the north-south direction, thereby
limiting water loss (Werk and Ehleringer 1985). Wild lettuce
is abundantly found along roadsides, abandoned fields, field
margins and forest clearings (Weaver and Downs 2003), and
interestingly, also on Zn-Pb tailings (Turnau et al. 2012).
L. serriola recently has been proposed to be used for monitor-
ing soil pollution (Le Guédard et al. 2012). The genus Lactuca
has been shown to produce characteristic secondary metabo-
lites, sesquiterpene lactones, which accumulate in latex com-
ponents called laticifers (Michalska et al. 2009). These lac-
tones are the source of the bitterness of wild lettuce leaves
and increase their repellence to herbivores (Rees and
Harborne 1985).
The aim of this research was to broaden our view regarding
the response of plants associated with multiple microorgan-
isms in a toxic metal enriched environment. We investigated
the interaction between L. serriola and an arbuscular mycor-
rhizal (AM) fungus and fungal endophytes that were isolated
from plants growing on industrial wastes in Southern Poland.
Recently, Rozpądek et al. (2018) have shown the importance
of aMucor strain for plant fitness and metal homeostasis. This
fungus is an endophyte that colonizes both the roots and the
shoots of Arabidopsis arenosa. The strain was selected for use
in the current research in order to verify its potential to colo-
nize and exert its beneficial effect on species other than
A. arenosa. L. serriola, being a mycorrhizal plant, was inoc-
ulated withMucor sp. and the effect was compared to another
endophytic fungus, Trichoderma asperellum Samuels, Lieckf.
& Nirenberg, of known behaviour and growth-improving po-
tential (Viterbo et al. 2010).
Methods
Plant, fungi and substrate
Seeds of L. serriola (collected from plants in the vicinity
of Kraków, Poland) were surface sterilized in 8% sodium
hypochlorite for 5 min, followed by 96% ethanol for
1 min and 75% ethanol for 3 min and washed five times
with sterile deionized water and then germinated in sterile
conditions on Murashige and Skooq (MS) medium diluted
four times and with added sucrose. The germination was
conducted at 4 °C in darkness for 2 days, followed by
14 h photoperiod at 21/17 °C. Two weeks later, seedlings
were transferred into MS medium and, after 2 days of
adaptation, they were inoculated with the endophytic fun-
gi Mucor sp. (NCBI accession number KU234656; strain
UNIJAG.PL.50 from Arabidopsis arenosa (L.) Hayek
seeds) or Trichoderma asperellum (NCBI accession num-
ber MG571529; strain UNIJAG.PL.6 from Deschampsia
cespitosa (L.) P.B. leaves). Five days after inoculation, the
plants were transferred to pot cultures with polluted (P) or
non-polluted (NP) substrate and with or without AM fun-
gus inoculum.
The NP substrate was a mixture of garden soil (sup-
plied by ARO, Poland; pH 5–6.5; N-NO3, 100–300 mg/L;
P, 80–300 mg/L; K, 150–450 mg/L), sand and clay in
equal volumes. The P substrate was made by adding an
additional volume of the substrate collected from the in-
dustrial waste site, Trzebionka (Poland 50° 09′ 34.5″ N,
19° 25′ 17.2″ E) (Orłowska et al. 2005), to the ARO soil
sand and clay mixture (1:1:1:1; v/v/v/v). Both substrates
were supplemented with 100 g/L rock phosphate
(Siarkopol, Poland). Available P (Colwell 1963),
Kjeldahl N and organic matter concentrations in the sub-
strates were measured according to Wilke (2005). Zn, Cd,
Pb, Fe and K concentrations in the substrates also were
investigated. The water content in samples (at 105 °C)
was determined by a moisture analyser, and then the sam-
ples were digested in 65% nitric acid (5 ml) for 2 h (room
temperature—1 h, at boiling point—1 h). After cooling,
1.65 cm3 of 30% H2O2 was added and the suspension was
heated to the boiling point. The suspension was
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centrifuged for 15 min at 3000 rpm, and the supernatant
was transferred to a graduated flask. The precipitate (if
observed) was treated with deionized water and shaken
until a suspension formed anew; this suspension was cen-
trifuged. The supernatant was transferred to a graduated
flask containing the solution after the first centrifugation.
This procedure was repeated five times. The precipitate
was dried and the possible metal content was evaluated
by X-ray fluorescence spectroscopy. The solution in the
flask was made up to 25 cm3 with deionized water. This
method involves acid digestion that dissolves all the ele-
ments present in the material (Huguet et al. 2015). To
determine metal concentrations, atomic absorption spec-
trometry (flame atomic absorption spectrometry [FAAS]
or graphite furnace atomic absorption spectrometry [GF-
AAS], equipped with Zeeman Effect background correc-
tion and a CSX 260 auto-sampler [Thermo Scientific, iC
3000]) was used. Detailed characteristics of the substrates
are shown in Table 1.
Mycorrhizal inoculum was prepared in pot cultures of
Plantago lanceolata L. with Rhizoglomus intraradices (N.C.
Schenck & G.S. Sm.) Sieverd., G.A. Silva & Oehl.
Approximately 5 ml of the inoculum, containing spores, my-
celium and colonized root fragments was mixed with the up-
per layer of the experiment substrates. Only sand with clay
(AM fungus inoculum carrier) was added to control plants.
The experiment was a fully crossed, three factor design with
main factors of substrate (NP and P) × AM fungus (+ and −) ×
endophyte (none,Mucor sp. or T. asperellum) performed in 3
replicate Sunbags × 5 pots/Sunbag (i.e., 180 plants in 36
Sunbags; Sigma-Aldrich, USA) in a greenhouse at 22 °C in
natural light for 9 weeks fromMarch to May. Each plant (one
per pot) was provided with 0.6 L of substrate and irrigated
once a week with 8 ml long Ashton nutrient solution (0.08 M
KNO3; 0.008 μM (NH4)6Mo7O24·4H2O; 0.01 M Ca(NO3)2).
Chlorophyll and flavonoid measurement
Chlorophyll a and flavonoid concentrations were measured in
two leaves (without removing them) of each 8-week-old plant
(N = 15/treatment) with a Dualex Scientific fluorometer
(Force-A, France) according to the manufacturers’ instruc-
tions. This instrument enables non-destructive assessment of
leaf Chlorophyll a and flavonoid indices from light
transmission.
Fluorescence of chlorophyll a and the JIP test
Chlorophyll fluorescence measurements were performed with
a Handy Pea fluorimeter (Hansatech Instruments, UK). Before
the measurement, two mature leaves, without removing them,
of each plant (9 weeks old) were dark-adapted for 20 min in a
special clips. Data were processed with the BIOLYZER soft-
ware (Laboratory of Bioenergetics, Geneva, Switzerland).
Each fluorescent transient was calculated according to the
JIP test (Tsimilli-Michael and Strasser 2008). The following
multi-parametric indices were used to assess plant vitality
(Strasser et al. 2000):
PIABS is the performance of the photosynthesis apparatus
expressed in relation to absorption:
PIABS ¼ RCABS 
φP0
1−φP0
 ψ0
1−ψ0
where RCABS is a measure of the fraction of reaction centre chlo-
rophyll (ChlRC) per chlorophyll of the antennae (ChlAntenna).
φP0
1−φP0
indicates the contribution of light reactions for primary
photochemistry according to the JIP test. Electron transport
beyond Qa (primary quinone acceptor) is quantified as
ψ0
1−ψ0
.
Performance index (PItotal):
PItotal ¼ PIABS  REABS
where REABS indicates the contribution of the reduction of end
equivalents.
Plant biomass
Nine-week-old plants were collected and evaluated for the
fresh and dry weight. For dry weight measurement, plants
were air dried at room temperature for 2 weeks. Dry weight
was used for determination of mycorrhizal dependency (MD),
calculated according to the Plenchette et al. (1983) index:
MD ¼ DWM−DWNM
DWM
 100 %ð Þ
Table 1 Chemical properties of the non-polluted (NP) and polluted (P) substrates used in the experiment. Different letters within each column indicate
statistically significant differences at P ≤ 0.05 (n = 3) by t test
pH (in KCl) Pavailable (mg/kg) K (g/kg) Organic matter (%) N (%) Zn (mg/kg) Cd (mg/kg) Pb (mg/kg) Fe (g/kg)
NP 6.6 ± 0.1 a 19.3 ± 4.1 b 2.5 ± 0.3 a 6.4 ± 0.1 a 0.3 ± 0.04 a 52.0 ± 2.1 b 7.2 ± 1.9 b 0.4 ± 0.1 b 2.5 ± 0.4 b
P 7.3 ± 0.2 a 34.7 ± 10.2 a 2.6 ± 0.1 a 6.0 ± 0.1 a 0.1 ± 0.05 a 917.3 ± 21.9 a 33.1 ± 2.0 a 6.3 ± 0.1 a 6.3 ± 0.2 a
Data present mean ± standard error
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where DWM—dry weight of mycorrhizal plants; DWNM—
dry weight of non-mycorrhizal plants. This mycorrhiza depen-
dency formula considers the plant response to mycorrhizas.
Plants with a mycorrhizal dependency close to 100% are con-
sidered as fully dependent on AM.
Fungal colonization
Endophytic colonisation in plant tissues stained according to
Atsatt and Whiteside (2014) was observed with light field
microscopy (Olympus BX53). For the estimation of mycor-
rhizal colonization, roots were prepared according to the mod-
ified Phillips and Hayman (1970) method. The roots were
washed in tap water, cleared in 10% of KOH for 24 h, washed
again, acidified in 5% lactic acid for 2 h and stained in 0.01%
aniline blue in pure lactic acid for 24 h at room temperature.
Stained roots were stored in pure lactic acid, cut into 1 cm
pieces and mounted in glycerol on microscopic slides. At least
45 root pieces per plant were analysed. Mycorrhizal frequency
(F%), absolute mycorrhizal colonization (m%) and absolute
arbuscular richness (a%) were assessed (Trouvelot et al. 1986;
http://www2.dijon.inra.fr/mychintec/Mycocalc-prg/
download.html).
Toxic metal concentrations
Zn, Cd and Pb concentrations in leaves and roots were mea-
sured according to the method described for the substrates
(BPlant, fungi and substrate^ subsection).
Sesquiterpene lactone content
Dry, pulverized plant shoots (0.1 g) were treated twice
with 10 ml of CH3OH at room temperature. The pooled
extracts were evaporated in vacuo and the residue was
dissolved in 70% CH3CN (1 ml), left to stand overnight
at 4 °C, centrifuged (11.340×g, 5 min) and analyzed by
RP-HPLC/DAD method according to Stojakowska et al.
(2012). Samples (5 μl) were injected into a Purospher RP-
18e (3 × 125 mm, particle size 5 μm) column (Merck,
Darmstadt, Germany) and eluted with a mobile phase
consisting of water and CH3CN, at a flow rate of
1 ml min−1, at 40 °C. Gradient elution conditions de-
scribed by Grass et al. (2006) were applied. Typical re-
tention times of the analyzed sesquiterpene lactones were
as follows: lactucin (LC)—9.3 min, lactucopicrin
(LCPik r ) —30 .8 min and 8-deoxy lac tuc in (8 -
DeoxyLC)—25.5 min. Quantification was performed by
measurement of peak areas at 260 nm with guaianolide
crepidiaside A as the reference.
Statistics
Statistical comparisons were performed using Statistica
12.5 (StatSoft) and were considered significant at P ≤
0.05. Data normal distribution and variance homogeneity
were assessed with Shapiro-Wilk’s and Levene’s tests,
respectively. If necessary, data (chlorophyll a fluores-
cence) were normalized with a log10 transformation.
Differences were tested by two-way (mycorrhizal coloni-
zation, toxic metal concentration) and three-way (chloro-
phyll and flavonoid index, chlorophyll a fluorescence,
plant fresh and dry biomass, lactones concentrations)
analysis of variance (ANOVA) followed by the Tukey’s
post-hoc test (Supplementary Table 1). Non-polluted and
polluted substrates were compared by t test. This test was
also applied for comparison of JIP test components be-
tween tested treatments and the control treatment.
Results
Chlorophyll a and flavonoids
AM fungus inoculation decreased Chlorophyll a concen-
tration in plants grown on NP and P substrates (Fig. 1a).
Endophytic Mucor increased chlorophyll a concentration
when co-inoculated with AM fungus on P, whereas
T. asperellum did not affect it. Total flavonoid concentra-
tion was significantly higher in plants grown without AM
fungus inoculum (Fig. 1b). Endophytic fungi Mucor and
T. asperel lum had no effec t on tota l f lavonoid
concentration.
Plant vitality
In NP soil, PIABS and PItotal were significantly higher in
AM fungus inoculated and AM fungus/Trichoderma co-
inoculated plants in comparison to non-inoculated plants
(Fig. 2a, b). For AM fungus and Mucor co-inoculated
plants, a similar trend was observed but statistically sig-
nificant differences were not found. The contribution of
light reactions for primary photochemistry φP01−φP0ð Þ was sig-
nificantly higher for all of the AM fungus treatments
grown in the NP soil (Fig. 2c). Electron transport beyond
primary quinone acceptor (Qa) significantly decreased by
endophyte and AM fungus/Mucor co-inoculated plants in
the NP substrate (Fig. 2e). PIABS and PItotal were not sig-
nificantly increased by AM fungus- and/or endophyte-
inoculation of the plants cultivated in the P substrate nor
were the fraction of reaction centre chlorophyll per chlo-
rophyll of the antennae (RC/ABS) and the contribution of
the reduction of end equivalents (RE/ABS; Fig. 2a, b, d,
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f). Co-inoculation enhanced the contribution of the light
reactions for primary photochemistry (Fig. 2c) and de-
creased electron transport beyond Qa in comparison to
non-inoculated plants in the P substrate (Fig. 2e).
Plant biomass
Inoculation with the AM fungus significantly increased
the fresh weight of plants in both the substrates (Fig. 3a;
Supplementary Fig. 1). Inoculation with Mucor sp. did
not affect plant fresh weight. T. asperellum increased it
on NP, but not on P (Fig. 3a). Co-inoculation with AM
fungus and Mucor sp. resulted in significantly higher
fresh biomass yield of the plants cultivated on P substrate
(Fig. 3a). Dry weights of plants grown on NP and P sub-
strates were positively affected by AM fungus-inoculation
(Fig. 3b). Trichoderma inoculation increased plant dry
weight on NP, but co-inoculation did not affect this pa-
rameter (Fig. 3b).
The mycorrhizal dependency (MD) index of L. serriola
inoculated with Mucor sp. and T. asperellum grown on the
NP soil reached 50 and 10%, respectively, and was lower
than for plants not inoculated with endophytes (70%). On
P substrate, MD of Mucor-inoculated plants was similar
to non-inoculated plants (51%) and T. asperellum in-
creased plant dependency on mycorrhiza to 67%.
Fungal colonization
Endophytic fungi were easily visible in a few day old seed-
lings cultivated in vitro. They colonized plant roots either
through root hairs (mostly near the tips of root hairs, where
the cell wall is thinnest) or close to the meristematic, apical
region of young roots, close to the area where abundant root
hairs were formed. (Supplementary Fig. 2a, c). The mycelium
also was visible when branch roots were formed. Mucor hy-
phae were found mainly in association with root hairs
(Supplementary Fig. 2b). T. asperellum developed visible my-
celium on the root surface (Supplementary Fig. 2d). In older
roots of plants cultivated in pots, both fungi were visible
growing between cortical cells and causing irregularity of
plant cells.
The frequency of mycorrhiza (F%) in plant roots was very
high and reached nearly 100% in each AM fungus treatment
(data not shown). Mycorrhizal colonization intensity (m%)
ranged between 29 and 58% depending on the treatment.
Mucor sp. significantly increased mycorrhizal colonization
only in NP substrate (Fig. 4a). T. asperellum did not influence
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Fig. 1 Chlorophyll a (a) and
flavonoid (b) concentrations in
the leaves of 8-week-old Lactuca
serriola plants inoculated with the
AM fungus (Rhizoglomus
intraradices) and endophytic
fungi (Mucor sp. or Trichoderma
asperellum) and cultivated in non-
polluted (NP) and polluted (P)
substrate. Bars topped by the
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mycorrhizal colonization of the roots in either substrate (Fig.
4a). Mucor also significantly increased arbuscule abundance
(a%) only in plants grown in NP soil (Fig. 4b). In plants
cultivated without AM fungus inoculum, mycorrhizal struc-
tures were not observed.
Toxic metal concentration in plant tissues
Zn concentration in non-inoculated L. serriola roots reached
403 mg/kg. Single inoculation with AM fungus and with en-
dophytic fungi did not affect it (Fig. 5a). Co-inoculation with
T. asperellum and AM fungus significantly increased Zn con-
centration in comparison to single inoculation with
T. asperellum (3.3-fold; Fig. 5a). Zn concentration in shoots
was not affected by single inoculation with AM fungus or
endophyte. Co-inoculation with Mucor sp. and AM fungus
increased this parameter in comparison to single inoculation
with endophyte (1.7-fold; Fig. 5b). Zn translocation from root
to shoot was the most effective in plants inoculated singlywith
T. asperellum (49%) andMucor (39%). In the case of entirely
non-inoculated plants, Zn translocation was 26%.
The concentration of Cd in leaves of AM fungus and en-
dophytic fungi inoculated L. serriola ranged from 13 to
20 mg/kg and did not differ from controls (Fig. 5c). Pb con-
centration in leaves ranged from 3 to 11 mg/kg, depending on
the treatment (Fig. 5d).
Sesquiterpene lactone content
Because of the low dry biomass of the non-inoculated plants
in NP substrate, analysis of the secondary metabolites was not
possible. In NP substrate, however, co-inoculation of
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endophyte-inoculated plants with AM fungus decreased the
concentration of lactucin (LC; Fig. 6a), lactucopicrin (LCPikr;
Fig. 6b), and 8-deoxy lactucopicrin (8-deoxy LC; Fig. 6c) in
comparison with the plants inoculated either with Mucor or
with T. asperellum as a sole endophyte.
In P substrate, Mucor sp. increased lactucopicrin concen-
tration in leaves (Fig. 6b). Single inoculation with AM fungus
significantly decreased LC and LCPikr concentration (Fig. 6a,
b). WhenMucor sp. inoculated plants were co-inoculated with
AM fungus, LCPikr and 8-deoxy LC concentrations signifi-
cantly decreased (Fig. 6b, c). Co-inoculation with AM fungus
and T. asperellum decreased LC and LCPikr concentration
(Fig. 6a, b).
Discussion
In this study, we have shown that all three considered factors
(inoculation with mycorrhizal and endophytic fungi and sup-
plementation of the substrate with TM) had various effects on
L. serriola plants. The growth response of the plant to the AM
fungus was the strongest and was independent of the substrate
condition: all AM plants yielded more biomass than their re-
spective controls. Additionally, the concentration of flavo-
noids was significantly lower, indicating stress attenuation
for AM plants. Co-inoculation with endophytic fungi ampli-
fied the growth response but differed between fungus species
and substrate. The beneficial effects of Trichoderma were re-
stricted to NP soil. In the presence of TM, no significant
growth difference in Trichoderma inoculated plants was
found, independently of the presence/absence of the AM fun-
gus, suggesting that these fungi cannot be beneficial to the
plant (in terms of growth acceleration) under metal toxicity.
Mucor sp., on the other hand, exerted its effect only under the
presence of TM in combination with the AM fungus (Mucor
sp. co-inoculated plants yielded more biomass than AM fun-
gus alone plants). This indicates that under metal toxicity, this
fungus species can complement the AM fungus. Most impor-
tantly, our study shows that the effects of mycorrhizas can be
amplified by co-inoculation. Studying the response of plants
to toxic metals by including diverse fungi in the experiment
reveals potentially important synergism among the fungi.
Endophyt ic fungi such as those in the genera
Cryptosporiopsis, Phialocephala and Stagonospora (Schultz
2006 and references therein) and mycorrhizal fungi share the
same niche inside root tissues, and both depend on the same
carbon source. This suggests that these two groups of fungi
might compete with each other for space and resources. In our
experiment, however, mycorrhizal colonization only was af-
fected by Mucor sp. in NP substrate. Although similar trends
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were observed in P substrate, the differences were not statis-
tically significant. These results indicate that co-inoculation
with an endophytic fungus, such as Mucor, can improve col-
onisation by an AM fungus, and thus, it could have potential
in the production of inoculum. What is important is that no
differences were found under the resource-limited conditions
of the mine dump substrate. In such an environment, severe
nutrient and water limitation may have a negative impact on
the symbiosis. Here, we found that the presence of the endo-
phyte does not affect mycorrhizal colonisation and arbuscular
richness in the polluted substratum. An interesting comple-
mentary investigation would be the behaviour of the fungal
endophyte in such conditions. This, however, requires further
research.
Benefits imposed upon fungal colonisation of both mycor-
rhizal and endophytic fungi may be associated with improved
photosynthesis efficiency (Ruiz-Lozano et al. 1996; Sheng
et al. 2008; Rozpądek et al. 2014, 2015, 2016). Here we show
an additive effect of co-inoculation, in terms of plant growth
accompanied by improved PSII efficiency. AM fungus inoc-
ulation improved the two main photosynthesis indices PIabs
and PItotal in NP substrate. The effect was sustained upon co-
inoculation with Trichoderma but not under metal toxicity (no
growth response), providing further evidence for the role of
the abiotic environment in determining the three-way interac-
tion between lettuce, Trichoderma and the AM fungus.
Interestingly, inoculation with Trichoderma without AM fun-
gus had a positive effect on plant growth but did not affect
photosynthesis, suggesting that the fungus impact on electron
transport efficiency is conferred by the mycorrhizal fungus.
PSII efficiency in plants grown on P, in contrast to NP sub-
strate, was not changed upon single mycorrhizal or endophyte
inoculation nor co-inoculation, although co-inoculation en-
hanced the contribution of the light reactions for primary pho-
tochemistry in comparison to non-inoculated plants. Previous
studies carried out on Verbascum lychnitis with a similarly
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polluted substrate (30 km from presently investigated area,
Wężowicz et al. 2015) have shown that the presence of my-
corrhiza did not change PSII efficiency; however, AM fungus
inoculation was able to improve the photosynthesis rate of
plant–endophyte consortium which was negatively affected
by inoculation with the single endophytic fungus, Diaporthe
sp. (Wężowicz et al. 2017). The quantum yield of primary
photochemistry and the ability to transfer electrons from
PSII to PSI were upregulated by co-inoculation with an AM
fungus and the endophytic fungus Diaporthe sp. (Wężowicz
et al. 2017) similarly to our AM fungus—Mucor sp. and AM
fungus—Trichoderma models in the present study.
According to the literature, inoculation with AMF usually
resulted in increasing chlorophyll content in host plants (Abdel-
Fattah and Mohamedin 2000; Zuccarini 2007; Vafadar et al.
2014). Baslam et al. (2011, 2013b) reported that the symbiosis
of lettuce with AMF increased the amount of chlorophyll in
leaves. According to the same authors (Baslam et al. 2013a),
however, inoculation also can have the opposite effect. In our
study, mycorrhizal plants yielded 3–4-fold higher biomass than
their respective non-mycorrhizal controls, but chlorophyll a con-
centration was decreased by 20%. This indicates that photosyn-
thesis was improved because of an upregulation of the efficiency
of electron transport within the photosystems and not by increas-
ing the number of functional reaction centres.
Plants in general developed two strategies allowing then to
withstand high quantities of TM in the substrate (Baker 1981).
The first one is the development of a sophisticated network of
intrinsic detoxification mechanisms allowing plants to accu-
mulate TM in high concentrations. The second strategy allows
plants to prevent TM uptake (avoidance). Cultivated crop let-
tuce as well as its relatives, wild lettuce species, are known for
their ability to accumulate relatively high amounts of toxic
metals (Pb, Cd, As, Zn) in their leaves and roots (Cobb et al.
2000). The contribution of mycorrhizal fungi to toxic metal
uptake by the plant is dependent on metal concentration
(Leyval et al. 1997). At high metal concentration in soil, my-
corrhizas reduced Zn and Cd accumulation, but at low
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concentration increased Zn and decreased Cd accumulation in
lettuce shoots (Schüepp et al. 1987). In the present study,
mycorrhizas alone did not affect the accumulation of toxic
metals. Inoculation with the endophytic Mucor sp. alone de-
creased the Zn concentration in plant roots. Surprisingly, in
contrast, co-inoculation withMucor sp. increased the Zn con-
centration in roots and shoots. These results indicate that var-
ious fungi and their combinations play different, often oppo-
site, roles in influencing a host’s strategy to TM stress. This
might be important in controlling plant metal homeostasis in
phytoremediation applications. The results presented here
confirm observations reported recently (Rozpądek et al.
2018). In Arabidopsis arenosa, grown in polluted substrate
from the BBolesław^ mine dump, inoculation with Mucor
sp. affected plant growth and metal homeostasis. Inoculated
A. arenosa accumulated less Zn and translocated Cd from root
to shoots more efficiently than in non-inoculated plants.
Additionally, Mucor sp. activated root to shoot metal translo-
cation which was accompanied by upregulation of several
metal transporter genes (Rozpądek et al. 2018). This indicates
the importance of endophytes in adaptation of plants to toxic
environments.
Plants synthesize a wide variety of phytochemicals that are
required for basic metabolism and are essential for the interac-
tion between the plant and the environment in processes asso-
ciated with defence and signalling. Plant polyphenols and
monophenolics are a group of phytochemicals whose potential
for ameliorating environmental stress in plants has been espe-
cially well documented (Quideau et al. 2011; Giovannetti et al.
2013; Sbrana et al. 2014). Even mild environmental stresses
such as heat shock, chilling and high light intensity induced 2–
3-fold phenolic compound concentration increases in cultivated
lettuce (Oh et al. 2009). Here, we quantified the abundance of
the phenols: caftaric acid, chlorogenic acid, cichoric acid,
coniferin, 3,5-dicaffeoylquinic acid, 4,5-dicaffeoylquinic acid,
as well some unidentified caffeic acid derivatives and found
that their concentrations were decreased by mycorrhizal inoc-
ulation (data not shown). Additionally, AM fungus inoculation
decreased total flavonoid concentration in leaves, whereas en-
dophytic fungi, Mucor and T. asperellum, did not affect it.
These observations led us to speculate that mycorrhizas de-
creased TM stress. In this context, the AM fungus seems to
be more important for L. serriola in decreasing TM-induced
plant stress than the endophytes.
Another group of secondary metabolites frequently reported
in plants of the Lactuca genus is sesquiterpene lactones, partic-
ularly 8-deoxylactucin, jacquinelin, crepidiaside B, lactucin,
11β,13-dihydrolactucin, lactucopicrin and lactuside A
(Michalska et al. 2009). These lactones are accumulated within
laticifers as a constitutive component of latex and have anti-
herbivore properties. We detected lactucin, lactucopicrin and 8-
deoxylactucin in L. serriola leaves. The same sesquiterpene
lactones were detected inCichorium intybus leaves, where they
provided a significant barrier against herbivory (Rees and
Harborne 1985). The concentration of the sesquiterpene lac-
tones analysed in plant leaves was decreased by AM fungus
inoculation in plants grown in both soil treatments, but not by
fungal endophytes in single inoculation experiments. This im-
plies that the synthesis of these compounds may be downreg-
ulated to facilitate colonisation by AMF, but downregulation is
not required during the plant-endophyte interaction. This im-
plies variation in mechanisms of AM fungus and endophyte
interaction. Co-inoculation with endophytic fungi increased
sesquiterpene lactone concentration in some cases (compared
to AM fungus inoculated plants) but did not restore it to levels
found in plants lacking mycorrhizas, suggesting that co-
inoculation with endophytic fungi tended to restore the plant
sesquiterpene lactone phenotype. There was no difference in
the AM fungus colonisation between single and co-inoculation
treatments, so the observed effect did not result in lower AM
fungus colonisation caused by the endophyte. In the available
literature, the effect of AMF on sesquiterpene lactone produc-
tion in plants also is not clear. In the case of Arnica montana,
only a minority of AM fungus inocula investigated was able to
increase the concentration of these compounds in shoots, while
the rest of the AMF tested did not affect it (Jurkiewicz et al.
2010). In C. intybus shoots, mycorrhizas did not affect sesqui-
terpene lactone production (Rozpądek et al. 2014).
In conclusion, the results presented here indicate that inoc-
ulation of L. serriola with arbuscular mycorrhizal fungi sig-
nificantly improved plant biomass in polluted and non-
polluted substrates. Additional inoculation with endophytic
fungi Mucor sp. or T. asperellum enhanced this beneficial
effect. Co-inoculation of the plants with an AM fungus and
Mucor also increased Zn concentration in leaves of Lactuca
and improved mycorrhizal colonisation. Despite that in-
creased host plant costs were potentially caused by maintain-
ing symbiosis with multiple microorganisms, interaction of
wild lettuce with both mycorrhizal and endophytic fungi was
more beneficial than with a single fungal partner. High toler-
ance of this plant species to drought supported bymycorrhizas
and endophytes improving biomass and affecting toxic metal
accumulation shows the potential of application of this model
in unfavourable environments.
Acknowledgements The authors would like to thankWeronika Janas and
Martyna Janicka (Jagiellonian University, Poland) for their assistance
with plant inoculation, cultivation and harvesting.
Funding information This work was funded by The National Science
Centre, Maestro Project, DEC -2011/02/A/NZ9/00137.
Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.
244 Mycorrhiza (2018) 28:235–246
References
Abdel-Fattah GM, Mohamedin AH (2000) Interactions between a
vesicular-arbuscular mycorrhizal fungus (Glomus intraradices) and
Streptomyces coelicolor and their effects on sorghum plants grown
in soil amended with chitin of brawn scales. Biol Fertil Soils 32(5):
401–409. https://doi.org/10.1007/s003740000269
Ahmad M, Zahir ZA, Asghar HN, Asghar M (2011) Inducing salt toler-
ance in mung bean through coinoculation with rhizobia and plant-
growth-promoting rhizobacteria containing 1-aminocyclopropane-
1-carboxylate deaminase. Can J Microbiol 57(7):578–589. https://
doi.org/10.1139/W11-044
Atsatt PR, Whiteside MD (2014) Novel symbiotic protoplasts formed by
endophytic fungi explain their hidden existence, lifestyle switching,
and diversity within the plant kingdom. PLoS One 9(4):17–21.
https://doi.org/10.1371/journal.pone.0095266
Baker AJM (1981) Accumulators and excluders—strategies in the re-
sponse of plants to heavy metals. J Plant Nutr 3(1-4):643–654.
https://doi.org/10.1080/01904168109362867
Baslam M, Garmendia I, Goicoechea N (2011) Arbuscular mycorrhizal
fungi (AMF) improved growth and nutritional quality of
greenhouse-grown lettuce. J Agric Food Chem 59(10):5504–5515.
https://doi.org/10.1021/jf200501c
Baslam M, Esteban R, García-Plazaola JI, Goicoechea N (2013a)
Effectiveness of arbuscular mycorrhizal fungi (AMF) for inducing
the accumulation of major carotenoids, chlorophylls and tocopherol
in green and red leaf lettuces. Appl Microbiol Biotechnol 97(7):
3119–3128. https://doi.org/10.1007/s00253-012-4526-x
BaslamM, Garmendia I, Goicoechea N (2013b) Enhanced accumulation
of vitamins, nutraceuticals and minerals in lettuces associated with
arbuscular mycorrhizal fungi (AMF): a question of interest for both
vegetables and humans. Agriculture 3(1):188–209. https://doi.org/
10.3390/agriculture3010188
Bona E, Cantamessa S, Massa N, Manassero P, Marsano F, Copetta A,
Lingua G, D’Agostino G, Gamalero E, Berta G (2016) Arbuscular
mycorrhizal fungi and plant growth-promoting pseudomonads im-
prove yield, quality and nutritional value of tomato: a field study.
Mycorrhiza 27(1):1–11. https://doi.org/10.1007/s00572-016-0727-
y
Cobb GP, Sands K, Waters M, Wixson BG, Dorward-King E (2000)
Accumulation of heavy metals by vegetables grown in mine wastes.
Environ Toxicol Chem 19(3):600–607. https://doi.org/10.1002/etc.
5620190311
Colwell JD (1963) The estimation of the phosphorus fertilizer require-
ments of wheat in southern NewSouthWales by soil analysis. Aust J
Exp Agric 3(10):190–197. https://doi.org/10.1071/EA9630190
Flor-Peregrín E, Azcón R,Martos V, Verdejo-Lucas S, TalaveraM (2014)
Effects of dual inoculation of mycorrhiza and endophytic,
rhizospheric or parasitic bacteria on the root-knot nematode disease
of tomato. Biocontrol Sci Tech 24(10):1122–1136. https://doi.org/
10.1080/09583157.2014.925091
Frey-Klett P, Garbaye J, TarkkaM (2007) The mycorrhiza helper bacteria
revisited. New Phytol 176(1):22–36. https://doi.org/10.1111/j.1469-
8137.2007.02191.x
Gallardo M, Jackson LE, Thompson RB (1996) Shoot and root physio-
logical responses to localized zones of soil moisture in cultivated
and wild lettuce (Lactuca spp.) Plant Cell Environ 19(10):1169–
1178. https://doi.org/10.1111/j.1365-3040.1996.tb00432.x
Giovannetti M, Avio L, Sbrana C (2013) Improvement of nutraceutical
value of food by plant symbionts. In: Ramawat GK, Mérillon J-M
(eds) Natural products: Phytochemistry, botany and metabolism of
alkaloids, phenolics and terpenes. Springer Berlin Heidelberg,
Berlin, Heidelberg, pp 2641–2662. https://doi.org/10.1007/978-3-
642-22144-6_187
Grass S, Zidorn C, Blattner FR, Stuppner H (2006) Comparative molec-
ular and phytochemical investigation of Leontodon autumnalis
(Asteraceae, Lactuceae) populations from Central Europe.
Phytochemistry 67(2):122–131. https://doi.org/10.1016/j.
phytochem.2005.10.019
Hirsch GU, Braun U (1992) Communities of parasitic microfungi. Fungi
Veg Sci 19:225–250. https://doi.org/10.1007/978-94-011-2414-0_8
Huguet S, Isaure MP, Bert V, Laboudigue A, Proux O, Flank AM,
Vantelon D, Sarret G (2015) Fate of cadmium in the rhizosphere
of Arabidopsis Halleri grown in a contaminated dredged sediment.
Sci Total Environ 536:468–480. https://doi.org/10.1016/j.scitotenv.
2015.07.026
Jeffries P, Gianinazzi S, Perotto S, Turnau K, Barea JM (2003) The
contribution of arbuscular mycorrhizal fungi in sustainable mainte-
nance of plant health and soil fertility. Biol Fertil Soils 37(1):1–16.
https://doi.org/10.1007/s00374-002-0546-5
Jurkiewicz A, Ryszka P, Anielska T,Waligórski P, Białońska D, Góralska
K, Tsimilli-Michael M, Turnau K (2010) Optimization of culture
conditions of Arnica montana L.: effects of mycorrhizal fungi and
competing plants. Mycorrhiza 20(5):293–306. https://doi.org/10.
1007/s00572-009-0280-z
Le Guédard M, Faure O, Bessoule JJ (2012) Soundness of in situ lipid
biomarker analysis: early effect of heavy metals on leaf fatty acid
composition of Lactuca serriola. Environ Exp Bot 76:54–59. https://
doi.org/10.1016/j.envexpbot.2011.10.009
Lebeda A, Dolezalová I, Feráková V, Astley D (2004) Geographical
distribution of wild Lactuca species (Asteraceae, Lactuceae). Bot
Rev 70(3):328–356.
Leyval C, Turnau K, Haselwandter K (1997) Effect of heavy metal pol-
lution on mycorrhizal colonization and function: physiological, eco-
logical and applied aspects. Mycorrhiza 7(3):139–153. https://doi.
org/10.1007/s005720050174
Liu R, Dai M, Wu X, Li M, Liu X (2012) Suppression of the root-knot
nematode [Meloidogyne incognita (Kofoid &White) Chitwood] on
tomato by dual inoculation with arbuscular mycorrhizal fungi and
plant growth-promoting rhizobacteria. Mycorrhiza 22(4):289–296.
https://doi.org/10.1007/s00572-011-0397-8
Martin FM, Uroz S, Barker DG (2017) Ancestral alliances: Plant mutu-
alistic symbioses with fungi and bacteria. Science 356(6340):
eaad4501. https://doi.org/10.1126/science.aad4501
Michalska K, Stojakowska A, Malarz J, Doležalová I, Lebeda A, Kisiel
W (2009) Systematic implications of sesquiterpene lactones in
Lactuca species. Biochem Syst Ecol 37(3):174–179. https://doi.
org/10.1016/j.bse.2009.02.001
OhMM,Carey EE, Rajashekar CB (2009) Environmental stresses induce
health-promoting phytochemicals in lettuce. Plant Physiol Biochem
47(7):578–583. https://doi.org/10.1016/j.plaphy.2009.02.008
Omacini M, Eggers T, Bonkowski M et al (2006) Leaf endophytes affect
mycorrhizal status and growth of co-infected and neighbouring
plants. Funct Ecol 20(2):226–232. https://doi.org/10.1111/j.1365-
2435.2006.01099.x
Orłowska E, Ryszka P, Jurkiewicz A, Turnau K (2005) Effectiveness of
arbuscular mycorrhizal fungal (AMF) strains in colonisation of
plants involved in phytostabilisation of zinc wastes. Geoderma
129(1-2):92–98. https://doi.org/10.1016/j.geoderma.2004.12.036
Phillips JM, Hayman DS (1970) Improved procedures for clearing roots
and staining parasitic and vesicular-arbuscular mycorrhizal fungi for
rapid assessment of infection. Trans Br Mycol Soc 55(1):158–IN18.
https://doi.org/10.1016/S0007-1536(70)80110-3
Plenchette C, Fortin JA, Furlan V (1983) Growth responses of several
plant species to mycorrhizae in a soil of moderate P-fertility. Plant
Soil 70(2):211–217. https://doi.org/10.1007/BF02374781
Quideau S, Deffieux D, Douat-Casassus C, Pouységu L (2011) Plant
polyphenols: chemical properties, biological activities, and synthe-
sis. Angew Chemie—Int Ed 50(3):586–621. https://doi.org/10.
1002/anie.201000044
Mycorrhiza (2018) 28:235–246 245
Redman RS, Sheehan KB, Stout RG, Rodriguez RJ, Henson JM (2002)
Thermotolerance generated by plant/fungal symbiosis. Science
298(5598):1581. https://doi.org/10.1126/science.1072191
Rees SB, Harborne JB (1985) The role of sesquiterpene lactones and
phenolics in the chemical defence of the chicory plant.
Phytochemistry 24(10):2225–2231. https://doi.org/10.1016/S0031-
9422(00)83015-0
Remans R, Ramaekers L, Schelkens S, Hernandez G, Garcia A, Reyes
JL, Mendez N, Toscano V, Mulling M, Galvez L, Vanderleyden J
(2008) Effect of Rhizobium-Azospirillum coinoculation on nitrogen
fixation and yield of two contrasting Phaseolus vulgaris L. geno-
types cultivated across different environments in Cuba. Plant Soil
312(1-2):25–37. https://doi.org/10.1007/s11104-008-9606-4
Rodriguez RJ, Henson J, Van Volkenburgh E, Hoy M, Wright L,
Beckwith F, Kim YO, Redman RS (2008) Stress tolerance in plants
via habitat-adapted symbiosis. ISME J 2(4):404–416. https://doi.
org/10.1038/ismej.2007.106
Rodriguez RJ, White JF, Arnold a E, Redman RS (2009) Fungal endo-
phytes: diversity and functional roles. New Phytol 182(2):314–330.
https://doi.org/10.1111/j.1469-8137.2009.02773.x
Rozpądek P, Wężowicz K, Stojakowska A, Malarz J, Surówka E,
Sobczyk Ł, Anielska T, Ważny R, Miszalski Z, Turnau K (2014)
Mycorrhizal fungi modulate phytochemical production and antiox-
idant activity of Cichorium intybus L. (Asteraceae) under metal
toxicity. Chemosphere 112:217–224. https://doi.org/10.1016/j.
chemosphere.2014.04.023
Rozpądek P, Wężowicz K, Nosek M, Ważny R, Tokarz K, Lembicz M,
Miszalski Z, Turnau K (2015) The fungal endophyte Epichloë
typhina improves photosynthesis efficiency of its host orchard grass
(Dactylis glomerata). Planta 242(4):1025–1035. https://doi.org/10.
1007/s00425-015-2337-x
Rozpądek P, Rąpała-Kozik M, Wężowicz K, Grandin A, Karlsson S,
Ważny R, Anielska T, Turnau K (2016) Arbuscular mycorrhiza im-
proves yield and nutritional properties of onion (Allium cepa). Plant
Physiol Biochem 107:264–272. https://doi.org/10.1016/j.plaphy.
2016.06.006
Rozpądek P, Domka A, Turnau K (2017) Mycorrhizal fungi and accom-
panying microorganisms in improving phytoremediation tech-
niques. In: Dighton J, White JF (eds) The fungal community: its
organization and role in the ecosystem, 4th edn. CRC Press, Boca
Raton, pp 419–432
Rozpądek P, Domka A, Ważny R, Nosek M, Jędrzejczyk R, Tokarz K,
Turnau K (2018) How does the endophytic fungus Mucor sp. im-
prove Arabidopsis arenosa vegetation in the degraded environment
of a mine dump? Environ Exp Bot 147:31–42. https://doi.org/10.
1016/j.envexpbot.2017.11.009
Ruiz-Lozano JM, Azcón R, GómezM (1996) Alleviation of salt stress by
arbuscular-mycorrhizal Glomus species in Lactuca sativa plants.
Physiol Plant 98(4):767–772. https://doi.org/10.1111/j.1399-3054.
1996.tb06683.x
Sbrana C, Avio L, Giovannetti M (2014) Beneficial mycorrhizal symbi-
onts affecting the production of health-promoting phytochemicals.
Electrophoresis 35(11):1535–1546. https://doi.org/10.1002/elps.
201300568
Schüepp H, Dehn B, Sticher H (1987) Interaktionen zwischen VA-
Mykorrhizen und Schwermetallbelastungen. Angew Bot 61:85–95
Schultz B (2006)Mutualistic interactionswith fungal root endophytes. In:
Schultz B, Boyle C, Sieber T (eds) Microbial roots endophytes, pp
261–279. https://doi.org/10.1007/3-540-33526-9_15
ShengM, Tang M, Chen H, Yang B, Zhang F, Huang Y (2008) Influence
of arbuscular mycorrhizae on photosynthesis and water status of
maize plants under salt stress. Mycorrhiza 18(6-7):287–296.
https://doi.org/10.1007/s00572-008-0180-7
Soleimani M, Afyuni M, Hajabbasi MA, Nourbakhsh F, Sabzalian MR,
Christensen JH (2010) Phytoremediation of an aged petroleum con-
taminated soil using endophyte infected and non-infected grasses.
Chemosphere 81(9):1084–1090. https://doi.org/10.1016/j.
chemosphere.2010.09.034
Stojakowska A, Malarz J, Szewczyk A, Kisiel W (2012) Caffeic acid
derivatives from a hairy root culture of Lactuca virosa. Acta
Physiol Plant 34(1):291–298. https://doi.org/10.1007/s11738-011-
0827-4
Strasser R, Srivastava A, Tsimilli-Michael M (2000) The fluorescence
transient as a tool to characterize and screen photosynthetic samples.
In: Yunus M, Pathre U, Mohanty P (eds). Probing Photosynthesis.
CRC Press, London, pp 445–483
Trouvelot A, Kough JL, Gianinazzi-Pearson V (1986) du taux de
mycorhization VA d’un système radiculaire. Recherche de
méthodes d’estimation ayant une signification fonctionnelle. In:
Mycorhizes: physiologie et génétique. pp 217–220
Tsimilli-Michael M, Strasser RJ (2008) In vivo assessment of stress im-
pact on plant’s vitality: applications in detecting and evaluating the
beneficial role of Mycorrhization on host plants. Mycorrhiza State
Art, Genet Mol Biol Eco-Function, Biotechnol Eco-Physiology,
Struct Syst 679–703. https://doi.org/10.1007/978-3-540-78826-3
Turnau K, Ostachowicz B, Wojtczak G, Anielska T, Sobczyk Ł (2010)
Metal uptake by xerothermic plants introduced into Zn-Pb industrial
wastes. Plant Soil 337(1-2):299–311. https://doi.org/10.1007/
s11104-010-0527-7
Turnau K, Gawroński S, Ryszka P, Zook D (2012) Mycorrhizal-based
phytostabilization of Zn–Pb tailings: lessons from the Trzebionka
mining works (Southern Poland). In: Kothe E, Varma A (eds) Bio-
geo interactions in metal-contaminated soils, Soil Biology, pp 327–
348. https://doi.org/10.1007/978-3-642-23327-2_16
Vafadar F, Amooaghaie R, Otroshy M (2014) Effects of plant-growth-
promoting rhizobacteria and arbuscular mycorrhizal fungus on plant
growth, stevioside, NPK, and chlorophyll content of Stevia
rebaudiana. J Plant Interact 9:128–136. https://doi.org/10.1080/
17429145.2013.779035
Varma A, Verma S, Sudha et al (1999) Piriformospora indica, a cultivable
plant-growth-promoting root endophyte. Appl Environ Microbiol
65(6):2741–2744
Viterbo A, Landau U, Kim S, Chernin L, Chet I (2010) Characterization
of ACC deaminase from the biocontrol and plant growth-promoting
agent Trichoderma asperellum T203. FEMS Microbiol Lett 305(1):
42–48. https://doi.org/10.1111/j.1574-6968.2010.01910.x
Weaver SE, Downs MP (2003) The biology of Canadian weeds. 122.
Lactuca serriola L. Can J Plant Sci 83(3):619–628. https://doi.org/
10.4141/P02-059
Werk K, Ehleringer J (1985) Photosynthetic characteristics of Lactuca
serriola L. Plant Cell Environ 8(5):345–350. https://doi.org/10.
1111/j.1365-3040.1985.tb01409.x
Wężowicz K, Rozpądek P, Turnau K (2015) The diversity of endophytic
fungi in Verbascum lychnitis from industrial areas. Symbiosis 64(3):
139–147. https://doi.org/10.1007/s13199-015-0312-8
Wężowicz K, Rozpądek P, Turnau K (2017) Interactions of arbuscular
mycorrhizal and endophytic fungi improve seedling survival and
growth in post-mining waste. Mycorrhiza 27:1–13
Wilke B-M (2005) Determination of chemical and physical soil proper-
ties. In: Monitoring and assessing soil bioremediation. Springer
Berlin Heidelberg, Berlin, Heidelberg, pp 47–95. https://doi.org/
10.1007/3-540-28904-6_2
Zuccarini P (2007) Mycorrhizal infection ameliorates chlorophyll content
and nutrient uptake of lettuce exposed to saline irrigation. Plant Soil
Environ 53:283–289
246 Mycorrhiza (2018) 28:235–246
